Within the framework of the international programme to sequence the genome of Baci//us subti/is strain 168, we were allocated the region between dna8 (256") and pheA (240"). The sequencing of this region is now complete and we report our primary analysis of the 114 kb region containing 114 ORFs. In addition to previously characterized genes, we have identified genes involved in the utilization of plant cell wall pOlySaCCharideS, stress responses and the metabolism of amino acids, cell walls, DNA and fatty acids. We also discuss various structural and physical features, including the orientation of genes with respect to replication, putative start and stop codons, ribosome binding sites and pindependent transcription terminators.
INTRODUCTION
The international programme to sequence the genome of Bacilltls stlbtilis is a joint project involving European, Japanese and US research groups. To date a total of ca 303Mb of the genome has been sequenced, with the remaining 0.9 Mb expected to be completed in 1997. The amenability of B. stlbtilis to genetic manipulation, combined with the availability of extensive expertise on its biochemistry and physiology, make this bacterium a valuable organism in which to investigate the properties of genes for which functions cannot be readily ascribed by the usual methods.
We were assigned the region from dnaB (256') to pbeA (240°), estimated on the basis of the genetic linkage map (Anagnostopoulos e t al., 1993) to be approximately 180 kb in length. Sequencing of the region is now complete and, at 114 kb, is considerably shorter than originally estimated. The region encodes genes for a wide variety of cellular processes including sporulation, germination, protein synthesis, the utilization of plant cell wall polysaccharides, the TCA cycle, stress responses and the Abbreviation: LR PCR, Long Range PCR.
The EMBL accession number for the nucleotide sequence reported in this paper is 275208. metabolism of amino acids, cell walls, DNA and fatty acids.
Here we report our primary analysis of the entire region in which we identify the main features of the ORFs not already represented in the databases. In addition, we present data on a region of limited coding capacity, part of which is highly homologous at the DNA level to a previously reported non-coding region from Escbericbia coli (Raha e t al. , 1993) . We also describe a sequencing strategy that was used to overcome problems associated 
A. W I P A T and O T H E R S
propagated and titred in E. coli KW251 (Promega). DNA fragments were cloned into the general purpose vector pUC18 (Vieira & Messing, 1987) and amplified in E. coli XL1-Blue (Stratagene).
Media and growth conditions. LB broth and LB agar were used for the growth of B. subtilis and E. coli. LB agar containing 0.6% agarose was used as an overlay agar for plating and titration of A phage.
Cloning, generation of libraries and DNA preparation. A A phage library containing chromosomal DNA from B. subtilis strain 168 was prepared in AGemll. Chromosomal DNA was partially digested with Sau3A to give fragments predominately in the 9-23 kb range and size-fractionated by centrifugation through a 10-40 YO (w/v) sucrose gradient. Fractions containing fragments of between 9 and 23 kb were ligated to BamHIdigested AGemll arms (Promega) and packaged into phage heads (Promega).
A subset of i phage clones containing DNA from within the pheA (240') to dnaB (256') region were isolated by plaque hybridization (Sambrook e t al., 1989) using as a probe 32P-labelled DNA from pYAC10-8, a yeast artificial chromosome vector containing B. subtilis chromosomal DNA within this region (Azevedo et al., 1993) . This subset of A phage clones was then re-probed with previously cloned and sequenced genes to map the insert fragments.
Additional sources of specific chromosomal DNA were obtained by PCR amplification. Chromosomal fragments up to 25 kb in length were amplified by LR PCR using the GeneAmp XL PCR Kit (Perkin Elmer), as directed by the manufacturer. PCR was performed as 10 separate 100 pl reactions from oligonucleotide primer pairs of at least 20 nucleotides. The reaction consisted of an initial denaturing step of 1 min at 94 'C, followed by 16 cycles of 30 s at 94 ' C and 10 min at 66 "C, and 12 cycles of 30 s at 94 "C and 10 min at 66 'C; the latter was extended for 15 s for each cycle. Finally, the sample was incubated at 72 ' C for 10 min to complete the reaction. The separate reaction products were pooled prior to fragmentation.
B. subtilis chromosomal DNA, either cloned in 1 or as a LR PCR product, was randomly fragmented and cloned into pUCl8. Random overlapping fragments of DNA were generated with DNaseI, essentially using the methods of Sambrook etal. (1989) . Briefly, template DNA was partially digested with DNaseI in the presence of manganese chloride, repaired using T4 DNA polymerase and filled-in using the Klenow fragment of E. coli DNA polymerase I. The resulting fragments were sizefractionated on a 1 0 4 0 % sucrose gradient and fragments between 0-5 kb and 2 kb were ligated into SmaI-digested and dephosphorylated pUCl8 (Ready-to-Go ; Pharmacia). Ligated DNA was transformed into E. coli XL1-Blue.
A DNA was isolated using the method of Sambrook et al. (1989) . Plasmid DNA for sequencing was prepared either by a modification of the alkaline lysis method (Birnboim & Doly, 1979) or by use of a 96-well format kit (AGTC). PCR products for sequencing were purified by agarose gel electrophoresis and recovered using QIAquick columns (Qiagen).
DNA hybridization. DNA hybridization was performed following the procedures described in Sambrook et al. (1989) . DNA sequencing. pUC18 clones containing B. subtilis DNA were sequenced using universal forward and reverse primers.
Sequences were obtained using the Taq Dye Terminator and Dye Primer Cycle Sequencing Kits and Model 373A Sequencer from Applied Biosystems. DNA sequence was determined on both strands with a mean redundancy of six, except for limited re-sequencing of regions already in the databases.
Two strategies were used to complete the gaps between the resulting sequence islands. PCR products spanning the gaps were either sequenced directly using custom primers or were used as probes to isolate specific clones from a pUC18 plasmid library of randomly generated clones containing smaller (lo& 500 bp) chromosomal fragments.
Data handling and computer analysis. DNA sequence assembly was performed using SEQUENCHER (Gene Codes Corp.), a Macintosh-based DNA sequence assembly and analysis program. The DNA sequence was analysed for ORFs using the MACMOLLY TETRA (Soft Gene GmbH) software package. DNA and amino acid homology searches were performed using the FASTA (Pearson & Lipman, 1988) and BLAST (Altschul et al., 1990) packages, respectively.
RESULTS AND DISCUSSION

Sequencing and analysis of the region from dnaB to pheA
The region between dnaB andpheA is 114 kb in length and its physical organization is shown in Fig. 1 . Prior to our sequencing studies, four significant contigs of 6.9 kb (dnaB-tbrS; Putzer e t al Ogasawara et al., 1986 ), 8.9 kb (trx-gerE: Chen e t al., 1989 Magnusson et al., 1986; Phillips etal., 1987; Cutting & Mandelstam, 1986) , 4 2 kb (ilvBNC; Grandoni e t al., 1992) and 31 kb (lonpbeA; Schmidt e t al., 1994) had been sequenced. In addition, the 6 kb pbeST region had been sequenced but not mapped (Brakhage e t a/., 1990).
Initial probing of the A phage library withgerM produced A phage SC32, containing a 15 kb insert extending from the 3' end ofgerE to the middle of leuA. The gap between leuA and lonA was spanned with a LR PCR product from leuA to bemX. A clone containing pheST, obtained previously from random cloning of pYAC10-8 DNA, was used to probe the A phage library for clones within the region between tbrS and trx, resulting in the isolation of A phage SC9. The sequence obtained from ASC9 was used to obtain LR PCR products 1inkingyseC to tbrS on one side andpbeT to trx on the other.
The region encodes 113 ORFs for putative polypeptides of at least 65 amino acids and with appropriately located putative ribosome binding sites and initiation codons. An additional polypeptide (LysCb), the /hubunit of aspartokinase 11, is identical to the C-terminal domain of the asubunit (LysCa) of this enzyme (Zhang etal., 1990) . These ORFs account for 92 % of the potential coding capacity of the DNA. The ORFs range in size from 67 residues (RpmL) to 881 residues (ValS), with a mean length of 307 amino acid residues. The largest non-coding region, between the divergent genesysnD and dvB, is 816 bp in length. Ninety-eight (86 %) of the ORFs are orientated in the same direction as the movement of the replication complex, which is in agreement with the observations of others (e.g. Glaser e t al., 1993; . Table 1 shows the sizes, the putative ribosome binding
The pheA-dnaB region of B. mbtilks sites and initiation codons for the newly identified ORFs. Thirty-nine putative p-independent transcription terminators were identified within the region, and their locations ( Fig. 1) 
Homology search and properties of newly identified ORFs
Protein databases were searched for homologies to the newly identified ORFs by use of the BLAST algorithm (Altschul et al., 1990) . The revealed homologies are shown in Table 3 and any special features indicated below. The putative products of the following ORFs showed no significant homology to any proteins in the databases up to 1 April 1996 ; yscA, yscB, y s d A , ysdB, yseB, y s f i , ygA, _ysgB,yshA andjsoA.
ysaA. The putative product ofysaA shows homology with a hypothetical protein of E. coli encoded byyjG, located in the riml-prfC intergenic region (Burland e t al., 1995) .
/ytS and /ytT. The lytS and 4tT gene products showed significant homology with the products of the &S and EytR genes of StaphJylococcus atlretls (Brunskill & Bayles, 1996) . Since &R has been used previously in B. stlbtilis to designate a gene encoding a regulator of the major vegetative phase autolysin, the amidase LytC (Lazarevic e t al., 1992) , we have labelled the S. aweus lytR homologue as lytT. Genes lytS and 4tT are likely to encode the sensorkinase and response-regulator components, respectively, of a two-component regulatory pathway involved in controlling the rate of autolysis. ysbA and ysbB. The putative products of theysbA andybB genes show homology to those ofywbH andJywbG of B. szlbtilis (Glaser e t al., 1993) ,yobJ andyohK of E. coli, and yohJ andyohK of Haemophilus in$wnpae (Fleischmann e t al., 1995) . Although the functions of these proteins are not known, they are all likely to be transmembrane proteins.
inK, rpml and tp/T, The products of the ififC, rpmI and rplT genes show extensive homology to the products of the infC, rpml, rpkT operon of B. stearotbermophilus. This operon encodes translation initiation factor IF3 and the structural genes for ribosomal proteins L35 and L20 (Pon e t al., 1989) . The order of genes in B. subtilis matches that of B. stearothermophihs and both are located in the region between the tbrS and pbeS genes. Interestingly, the unusual ATT start codon, reported for the infC gene in B. stearothermophilus (Pon e t a/., 1989) and E. coli (Gold e t al., 1984) , is present in B. szibtilis. As in B. stearothermophilw, these genes may form a single transcriptional unit in B. subtilis since rplT is followed by a putative p-independent transcription terminator.
ysdC. The putative product of the ysdC gene shows homology to the product of the c e l . gene of Clustridium thermocellzm (Kobayashi e t al., 1993) , a putative protein encoded from thefrv operon of E. coli (Reizer et a/., 1994) and the pePA gene of Lactococcus lactis (1'Anson e t al., 1995) . The celM andpepA genes encode an endoglucanase and glutamyl-aminopeptidase, respectively. Finally, residues 2-31 of YsdC match 27 out of 30 residues of a 30-residue N-terminal fragment of a well-characterized thermophilic aminopeptidase of B. stearotbermopbilus (Stoll e t al., 1973) .
abnA. The abnA gene lies at the 5' end of a series of genes involved in the utilization of arabinan and arabinose. Its putative protein product shows homology with an arabinan-endo 1,5-a-~-arabinase from Aspergillus niger (Flipphi e t al., 1993) , particularly throughout the Cterminal half of the proteins. The N terminus of AbnA has the structure of a typical Bacillus signal peptide of 32 residues in length (Simonen & Palva, 1993) .
araA, araB and araD. The putative protein products of araA, araB and araD show very strong homology to Larabinose isomerase, L-ribulokinase and ~-ribulose-5-phosphate 4-epimerase, respectively, from E. coli (Lee e t al., 1986 ) and a number of other bacteria. These genes therefore form an operon for L-arabinose catabolism. The operon from B. subtilis has been cloned and mapped previously (Sa-Nogueira et Sa-Nogueira & de Lencastre, 1989) . The homology data confirm that the gene order in B. subtilis, (araABD; Sa-Nogueira & de Lencastre, 1989) , is different from that of E. coli, (araBAD; Lee e t al., 1986 ).
yseA. YseA shows homology to a hypothetical protein product ofyXdG , the thiaminase I region of B. subtilis, pnpP of Saccbaromyces cerevisiae encoding 4-nitrophenylphosphatase (Kaneko e t al., 1989) and the nagD gene product of E. coli (Plumbridge, 1989) . yseC, yseD, yseE and abfA. The putative products ofyeC, yseD and yseE show homology to the products of three genes in the lacEFGZK operon of Agrobacteriam radiobaiter (Williams et a/., 1992) , encoding components of an ABC-type (Higgins e t al., 1986) binding-protein-dependent lactose transporter. YseC shows homology to the periplasmic sugar binding protein, LacE, and to the substrate binding proteins of other transporters. In common with the substrate binding proteins of other Gram-positive ABC transporters, YseC appears to be a lipoprotein and has the structure of a typical lipoprotein signal peptide, with an Ala-Gly processing site followed by Cys-Ser residues (Simonen & Palva, 1993 ysfD and ysK. The putative products of they.@ andJysfC genes show homology with the products of the glcF and glcD genes, respectively, of E. coli (Molina e t al., 1994) .
Genes glcF andgluD encode subunits of glycolate oxidase, with the former being an Fe-S protein. E. coli glycolate oxidase has three subunits; however, no gene encoding a product with homology to the third subunit (glcE) was found in this region.
ysf6. The putative product of the y$$B gene shows homology to hypothetical products of thejaeG genes of E. coli (Fujita et al., 1994) and Haemophilm injhenxae (Fleischmann et al., 1995) . The function of these gene products is unknown. ysgA. The putative product of theysgA gene shows some homology to SpoU-type rRNA methyltransferases (Koonin & Rudd, 1993) , including that from Mycoplasma genitalium (Fraser e t a/., 1995), suggesting a role for this protein in RNA metabolism. Since this ORF lies immediately upstream of the pheST operon, encoding phenylalanyl-tRNA-sythetase, it may be involved in the methylation of tRNA. yshS. The putative product of theyshB gene shows weak homology to colicin V production proteins, the products of the cvpA genes in Haemophiltis inpuenzae (Fleischmann et al., 1995) and E. coli (Fath e t al., 1989) . TheyskB product also shows homology to FliR (Carpenter et al., 1993) , required for the biosynthesis of flagella. All of these proteins appear to be integral membrane proteins.
yshC, yshD and yshE GenesysbC--sbE appear to form an operon of 4.6 kb with putative p-independent terminators at each end. The putative product of theyshC gene shows homology to DNA polymerase p from a number of organisms, including Critbidia sciculata (Torri & Englund, 1995) , humans and rats. The putative product of theysbD gene shows homology with the product of the mzltS gene in Tbermus aquaticus (Biswas & Hsieh, 1996) and the bexA gene of Streptoc0ccu.r pneumoniae (Priebe e t al., 1988) . mutS and hexA gene products are, respectively Gram-negative and Gram-positive homologues of enzymes responsible for heteroduplex DNA base mismatch repair that operates Black et al. (1992) The pheA-dnaB region of B. stlbtilks to correct the nascent and donor DNA strands after replication and, in the latter case, transformation. The product of the final gene in the putative operon, YshE, shows no significant homology to any proteins in the databases.
MA. ysiA, ysi5, etf5 and etfA. This group of genes appears to encode proteins involved in fatty acid metabolism. The putative product of the lcfA gene shows homology with the long-chain acyl-coenzyme synthetase from E. coli (Black e t al., 1992) . The putative product of theysiA gene shows homology with a number of regulatory proteins of the HTH-TetR family (Waters et al., 1983 Fleischmann et al., 1995) . The product of theysnB gene shows no significant homology with any entries in the database.
ysnD8 YsnE, ysnf and ysnG. The ysnDEF genes are transcribed in the opposite direction to that of chromosomal replication and lie in a region of limited coding capacity, part of which shows a striking homology to DNA within a large non-coding region of E. coli. The putative products of ymD, ymF and ysnG show no significant homologies with any entries in the databases ; however, the product ofysnE shows significant homology with a putative acetyltransferase required for indolacetic acid biosynthesis and located within the trpGDC gene cluster of A~o s p i r i l h w brasilense (Zimmer e t al., 1991) .
Interestingly, a similar ORF has been identified in the gap between two closely related flagellar gene clusters in E.
cob and which also includes a gene ( a m j A ) encoding an aamylase related to the liquefying amylase of Bacillm spp. (Raha et al., 1992 (Raha et al., , 1993 . Gene ymE and its E. coli homologue show > 60% DNA sequence homology throughout the extent of their ORFs, but the degree of homology falls rapidly beyond the ends of the ORFs.
leuA, leuB, leuC and leuD. The leuABCD gene cluster, responsible for leucine biosynthesis, has been previously mapped and cloned in B. szlbtili~ (Nagahari & Sekaguchi, 1978) . The sequence of leaB (formerly lez/C) has been described previously (Imai et a/., 1987) . l e d , leuC and l e d were designated on the basis of the very high homology of their products with 2-isopropylmalate synthase, 3-isopropylmalate dehydratase large subunit and 3-isopropylmalate dehydratase small subunit, respectively, of a large number of other bacterial species.
tig. tig encodes a product which shows high homology to trigger factor from a variety of bacterial species, including
Haemophilzl.r infzlenxae (Fleischmann et a/., 1995) , E. coli (Aldea e t al., 1989) and Campylobacterjejzmi (Grifiths et al., 1995) . Although believed to be involved in cell cycle events (Guthrie & Wickner, 1990 ), the precise function of Tig remains to be determined.
clpx and ysoc. The product of the clpX gene shows extensive homology to the ClpX stress proteases from a variety of bacterial species including E. coli (Gottesman e t al., 1993) and Haemophilz/s infl~en~ae (Fleischmann et al., 1995) . We have examined the expression of clpX gene under a variety of stress conditions and mapped its uAtype promoter (Gerth e t al., 1996) . _ymC runs on the opposite strand to clpX starting just downstream of its 3' terminus and terminating approximately half way through. It is very rich in Ser and Thr residues and shows no significant homology to proteins in the databases.
lonB. The putative product of the lonB gene shows extensive homology to the product of the adjacent ATPdependent Lon protease gene, now designated lonA. The genes for these putative isozymes are transcribed in the same direction, but separated by a structure resembling a p-independent transcription terminator. The 3' end of the lunB gene has been located and described previously (Riethdorf e t al., 1994) and the sequence submitted by Ye & Wong (PIR accession number U18229).
